The effect of inlet and outlet blade angles on a micro regenerative pump head was examined in experiments. The pump head was little increased by changing the blade angles compared with the original pump with the inlet and outlet blade angles of 0 degree. The effect of the axial clearance between the impeller and the casing on the pump head was also examined. The head was increased largely by decreasing the axial clearance. The computation of the internal flow was performed to clarify the cause of the increase of the pump head due to the decrease of the clearance. The local flow rate in the casing decreased as the leakage flow rate through the axial clearance decreased due to the decrease of the clearance. It was found that the larger head in the smaller clearance was just caused by the smaller local flow rate in the casing. In the case of the smaller clearance, the smaller local flow rate caused the smaller circumferential velocity near the front and rear sides of the impeller. This caused the increase of the angular momentum in the casing and the head.
Introduction
High pressure micro pumps with the impeller diameter of a few millimeters are expected for fuel supply to fuel cells. The micro pump is also required in the fields of micro, bio, and chemical applications and energy-related devices such as micro heat exchangers. A regenerative pump has desirable characters of high discharge pressure and continuous discharge. Therefore, the development of a micro regenerative pump with the impeller diameter of about 10mm has been carried out in our research group [1] .
In the previous study, it was found that the pump head increased at low flow rates as the Reynolds number decreased [2] and the pump head increased by attaching vanes on both sides of the impeller due to the decrease of the leakage flow rate through the clearance between the impeller and the casing [3] . The pump head of the symmetric impeller with vanes on both sides was about 2.5 times as large as that of the asymmetric impeller with vanes on one side, but the pump head was about two third of our desired pump head.
In the present study, the increase of the pump head was attempted by adjusting the inlet and outlet blade angles and the decrease of the axial clearance between the impeller and the casing. These effects for the pump head were examined in experiments and computations using the commercial software, CFX-11.0.
Experimental Setup and Experiment
The schematic of the regenerative pump and the coordinate system are shown in Fig.1 . Figure 2 shows the cross section of the test pump. The materials of the impeller and the casing are aluminum and transparent acrylic resin, respectively. The values of the parameters shown in Figs. 1 and 2 are given in Table 1 . For the accurate adjustment of the clearance between the impeller and the casing, which would largely affect the performance, the size of the pump is increased to about ten times of the targeted micro regenerative pump. The diameter of the impeller D T is 75mm and the axial clearance c 1 between the impeller and the casing in the original pump is 1.2mm. The thickness of the vane is 5 mm so that it is not extremely thin in real micro regenerative pump. The larger clearance and the larger thickness of the vanes are different from conventional regenerative pumps. The clearance c 1 is changed into 0.6mm by attaching spacer plates on the casing. The original impeller is the same as the symmetric impeller in the Table 1 Dimensions of the test impeller and casing study [3] . A lot of researches for general regenerative pumps and fans have been done to clarify the effect of geometries to the performance [4] [5] [6] . The values of D T was determined for high discharge pressure with reference to the study [5] . The geometry of the casing is the same as the casing of the pump with the symmetric impeller in the study [3] . The depth of the vane channel b 1 and the depth of the casing flow path a 1 are 8mm and 6mm, respectively. These values were selected to realize the highest head based on the results of the preliminary tests for micro regenerative pumps [1] .
At the beginning, the effects of inlet and outlet blade angles are examined. The definitions of the inlet and outlet blade angles are shown in Figs.3(a) and (b). Figure 3 5 . This value is about 10 times of the Reynolds number for the targeted micro pump.
Computation
For the flow analysis, a commercial software ANSYS CFX-11.0 was used. Basic equations are the continuity equation and the Reynolds averaged Navier-Stokes equation. SST turbulence model were used. The static pressure at the inlet, the mass flow rate at the outlet, and a non-slip condition on the wall were given as boundary conditions. Unsteady calculation was performed. The time step is 1/400 of one period of the rotation of the impeller. The results shown in the present study are the results at least after 3 revolutions of the impeller where the fluctuation of the head becomes periodic. Working fluid is water with ambient temperatures.
Results and Discussions

Effect of the Inlet Blade Angle
In industrial regenerative pumps and fans, the pump head could be increased by optimizing the inlet blade angle [7, 8] . In the present study, experiments for the impellers with the inlet blade angle α = 0 deg , 45deg , and −45deg were conducted. The performance curves are shown in Fig. 6 . The values of the pressure coefficient ψ in the impellers with α = ±45deg are smaller than those in the impellers with α = 0 deg . The values of ψ at the shutoff flow rate are plotted versus the blade angle in Fig.7 . The maximum pressure coefficient ψ seems to be realized near α ≈ 0 deg . 
Effect of the Outlet Blade Angle
In industrial regenerative pumps and fans, the pump head could be also increased by optimizing the outlet blade angle [7, 9] . 
Effect of the Axial Clearance
In industrial regenerative pumps, the decrease of the axial clearance between the impeller and the casing increases the head [10] . In the present study, the clearance was decreased from c 1 =1.2mm of the original to c 1 =0.6mm. 
Performance Curves
The performance curves of the pumps with α β 0 deg and c 1 =0.6, 1.2mm are shown in Fig.8 . Both experimental and = = computational results are plotted. It is found that the value of ψ was drastically increased by the decrease of the clearance c 1 from 1.2mm to 0.6mm. The value of ψ in the case of c 1 =0.6mm is about 1.4times larger than that in the case of c 1 =1.2mm at the shutoff flow rate.
Although the agreement is only qualitative, the computational results can simulate the effect of the clearance.
Flow Rates Through the Clearance and the Casing Flow Path
In order to clarify the cause of the increase of ψ due to the decrease of c 1 , the internal flow was examined based on the computational results.
The lines indicated by the numbers 1-12 in squares in Fig.9 show the control surfaces at the outer edge of the front clearance shown in Fig.2 for estimating the flow rate through the front clearance. The axial width of the control surfaces is the same as the clearance c 1 . The control surfaces are also set up at the outer edge of the rear clearance shown in Fig.2 . Figure 10 shows the flow rate φ (= Q /( AU ) ) of the fluid which goes through the control surfaces at the flow rate φ =0.047. The flow rate of
Leak
Leak T radially-outward flow is positive. In comparison with the net flow rate φ =0.047, the leakage flow rate φ Leak is significant in both cases of c 1 =0.6mm and 1.2mm. The flow rate φ Leak in the case of c 1 =0.6mm is about a half of that in the case of c 1 =1.2mm. The lines indicated by the doubly encircled numbers 1-6 in Fig.9 show the control surfaces in the casing (it does not include the part between vanes). The figures in the upper right of Fig.9 also show the control surfaces. Figure 11 shows the local flow rate φ (= Q /( AU ) = v θ / U ) of the fluid which goes through the control surfaces. The value of φ of the pump with c 1 =0.6mm
is smaller than that of the pump with c 1 =1.2mm. The local flow rate φ L of both pumps are quite larger than the net flow rate φ =0.047. performance curve after correction is also shown in Fig.8 . The corrected performance curve are similar to the performance curve of c 1 =0.6mm. This suggests that the increase of the pressure coefficient were caused by the decrease of the flow rate through the casing due to the decrease of the leakage flow.
Angular Momentum
The angular momentum in the casing was investigated to clarify the relation between the leakage flow and the pressure coefficient. Figure 12 shows a control volume. The control volumes are set in the casing flow path excluding the inlet and outlet regions ( −45deg <θ< 45deg ). Surface 1 of the control volume are located at the axial distance of c 1 from the side of the impeller vane. Surface 2 of the control volume is located at a radial distance of 1.0mm from the tip of the impeller.
We consider the conservation of the angular momentum around the axis of the impeller using the cylindrical coordinate system shown in Fig.1 . Since the temporal change of the angular momentum due to the impeller vane passage is not negligible, we use the unsteady conservation law of the angular momentum.
is the moment of the pressure forces at the inlet and outlet boundary. L * is the angular momentum in the control pressure * * volume, AM flux is the angular momentum of the fluid entering the control volume, AM shear is the moment due to the shear force on the surface of the control volume, and t* is the nondimensional time. Table 2 . The right column in Table 2 shows the ratio of v U / of outflow to that of inflow. Although the difference of φ θ T c of the inflow and outflow from Surface 1 and 2 exists, the continuity equation is satisfied if we consider the inflow and outflow from the surfaces of Inlet and Outlet shown in Fig.12 .
Effect of the Clearance on Angular Momentum
Angular Momentum of the Flow Entering the Control Volume
From these results, it was found that the higher pressure rise was realized in the pump with c 1 =0.6mm because the difference of the angular momenta which flow into/out from the control volume is larger than that of the pump with c 1 =1.2mm due to the larger deceleration ratio which is caused by the decrease of the local flow rate φ L . .6mm is quite smaller than those of the pump with c 1 =1.2mm, caused by smaller local flow rate. In summary, the increase of pressure rise associated with the decrease of the clearance c 1 is caused by the increase of the angular momentum supplied into the casing flow path due to the decrease of the circumferential velocity entering the impeller, which is caused by the decrease of the leakage flow and hence local flow rate.
Conclusions
The effect of the inlet and outlet blade angles, and the axial clearance between the impeller and casing on the pressure performance of micro regenerative pump was investigated in experiments and computations. The following results were obtained.
(1) In the regenerative pump with larger blade thickness and larger axial clearance between the impeller and the casing in the present study, the pressure coefficient does not change largely by changing the inlet and outlet blade angles from 0deg. (2) The pressure coefficient can be increased by decreasing the axial clearance between the impeller and the casing. (3) Due to the decrease of the axial clearance, the leakage flow rate in the clearance and the local flow rate through the casing flow path decrease. (4) The increase of the pressure coefficient due to the decrease of the axial clearance is caused by the increase of the angular momentum supplied into the casing flow path due to the decrease of the circumferential velocity entering the impeller.
